Ahtract-Near-field intensity measurements are obtained at the wavelength of 0.45 urn for fibers designed to operate in a sin'ge mode a t 1.3 urn. At blue wavelengths, the fibers are sufficiently multimode so the near-field scan gives an approximation to the index profile. Nearfield scans from six fibers are compared to actual index profiles as determined by the refracted ray method. Experimental near-field scans are also compared to theoretical predictions from a model using numerical solutions to the scalar-wave equation.
measurements must be made at a sufficiently high value of the normalized frequency V I .
The effect of V-value on near-field profiles was investigated theoretically by numerically solving the scalar-wave equation to give the waveguide modes for commonly encountered index profiles [7] . The near-field intensity is then calculated by summing the intensities of all bound modes allowed for a given value of V. Assumptions in the calculation include equal mode excitation, an unpolarized nearly incoherent source, and a weakly guiding approximation to the scalar-wave equation. Many single-mode fibers have step-like cores with a deep onaxis index depression. A model for this type of profile is given in Fig. 1 . Here the on-axis dip goes completely to the cladding and recovers linearly to a step at 0.25 R , where R is the core radius. Instead of an abrupt core-cladding boundary, the profile starts to taper linearly to the cladding at 0.75 R. Calculated near-field intensities for this profile are given in Fig. 2(a) and (bj for V-values of 2, 2.79, 8 , and 40. When V equals 2, the fiber supports only a single mode, and the near field is Gaussian shaped with significant power propagating in the cladding. Two modes are present when Vequals 2.79, and the near-field intensity exhibits an on-axis dip characteristic of the radial variation of the second-order mode. With higher V, the nearfield intensity begins to approach the index profile. When I/ equals 8, there is still significant mode ripple while at a V of 40 the near-field intensity is almost exactly the index profile. ' The normalized frequency V is given by 2 n a G / h , where a is the core radius, n the fiber refractive index, h the wavelength, and Mode ripple can be reduced somewhat by using a broad linewidth source which tends to average the fluctuations [6] . Near-field intensities in Fig. 2 were calculated assuming a single frequency source.
Telecommunication fibers that are single mode at 1.3 pm have cutoff wavelengths near 1.2 pm where I/ is approximately 2.4 (step-index fiber). With blue light (0.4-0.45 pm), measurements at a V of 7 are possible. It would not be advisable to increase V appreciably by a further decrease in wavelength since germania silicate has absorption bands in the ultraviolet [8] . Near an absorption peak the index exhibits high dispersion, and profile shapes would be expected to change. To investigate the magnitude of this effect, measurements were made on a 50-pm core 0.2-numerical aperture (NA) multimode fibers at wavelengths of 0.45 and 0.85 pm.
Over this wavelength range, the near-field profiles were similar. As an example, for one fiber, the full widths at half maximum differed by only 3 percent.
Experimental TNF profiles for the 1.3-pm single-mode fibers were obtained using a tungsten halogen source and optics to project a 100-pm-diam spot on the input fiber end. A broadband interference filter centered at 0.45 pm with a linewidth of 0.07 pm determined the source spectral characteristics. A broad-band filter enhances SNR and reduces coherent effects. The output end of the typical 2-m-long fiber sample was imaged by a 40 X 0.65-NA microscope objective. A silicon detector with a 30-pm-diam pinhole was used to scan the image. Referred to the fiber end face, the pinhole is equivalent to a 0.75-pm-diam collecting aperture. The pinholedetector was scanned using a computer-controlled stepper-motor translator to take data points every 0.1 pm as referredto the fiber end face. Dimensional calibration of the scan at 0.45 pm was accomplished using a previously described calibration reticle [9] .
Near-field patterns can be influenced by contributions from leaky modes [ 5 ] . These contributions cause the near-field intensity to deviate from the actual index profile. In practice, it is not necessary to apply corrections to near-parabolic profile fibers [9] ? [lo] , however, for step-index fibers the corrections can be significant.
Fortunately for pure step-index fibers, the leaky modes can be eliminated by launching with a NA which is close to that of the fiber. TNF's at 0.45 pm were obtained at launch NA's of 0.36 and 0.14 for the single-mode fibers used in this study, and little difference was observed in the profiles. Moreover, most of the near-field profiles did not exhibit the characteristic leaky mode "ears" observed for stepindex fibers. We, therefore, conclude that leaky modes are not a significant problem at least in the fibers tested. TNF profiles were measured at a wavelength of 0.45 pm for six 1.3-pm single-mode fibers. Figs. 3 and 4 give profiles at wavelengths of 1.0 and 0.45 pm for fibers 1 and 2,respectively. These results are in qualitative agreement with thetheoretical trend predicted in Fig. 2 central depression. At 0.45 pm, there are approximately 25 modes ( V 2 / 2 ) , and the near-field power is more confined to the core. In the case of fiber 2 the on-axis dip is narrower and deeper. The most interesting results are the comparisons of TNF profiles to the actual index profiles as determined by RNF. These comparisons are given for four of the fibers in Figs. 5 through 8 and are representative of the six fibers measured. The height-to-width ratio of a given TNF profile was computer scaled to match the corresponding RNF profile approximately so that comparisons of shape can be more readily made. Actual dimensional information is given in Table I for all six fibers. The RNF measurements were made at 0.6328 pm and have a resolution of 0.75 pm, with a dimensional accuracy of approximately * O S pm.
Fiber 1 has a shallow index depression and the TNF predicts the same shape and on-axis depth as the RNF. Fiber 3 has a much deeper depression and again the TNF and RNF give about the same on-axis depth. The main differences are the two 5-percent depressions near the peaks of the TNF. Fiber 4 has a funnel-shaped index depression which is also predicted by the TNF, but appears slightly exaggerated. Fiber 5 is nearly a perfect step with a depression going almost to the cladding. The TNF does not completely resolve the dip and 10-percent depressions are apparent in the peaks. Table I compares the core diameters measured by the two methods. The comparisons are made at the 15-percent levels, because there are rip- TNF profiles have less resolution than RNF and exhibit ripple in some cases. Index dips for the RNF profiles often appear deeper, core-cladding boundaries more perpendicular, and abrupt features more evident.
However, the general TNF shapes are correct and relatively insensitive to end preparation, and ripple is less that 10 percent for all fibers tested. Thislevel of ripple is less than theory predicts, probably because of the broad source linewidth. Blue-ultraviolet TNF's on 1.3-pm single-mode fibers could be useful in situations requiring experimental simplicity and two-dimensional information. With sensitive photomultiplier detectors. it would be Dossible to scan cores in a matter of seconds. Also vidicons with computer image acquisition can rapidly obtain two-dimensional information such as core size, core ovality, and concentricity. Recently, another more complicated near-field index-profiling technique has been applied to single-mode fibers [ 1 11 . The approach uses a modified near-field method with a limited numerical aperture launch and is capable of giving absolute index values over both core and cladding. While detailed comparisons of core profiles to RNF were not reported, it appears resolution could be further improved by using blue wavelengths.
